The germinal centre (GC) response is critical for generating high-affinity humoral immunity 
Introduction

Follicular regulatory T (Tfr) cells are a distinct subset of Foxp3
+ Regulatory T (Treg) cells that are located within the germinal centre (GC), where they are thought to suppress the magnitude and output of the GC response (Chung et al., 2011 , Linterman et al., 2011 , Wollenberg et al., 2011 , Kawamoto et al., 2014 , Vanderleyden et al., 2014 , Sage et al., 2016 , Wu et al., 2016 , Botta et al., 2017 , Fu et al., 2018 . Tfr cells phenotypically resemble Tfh cells in many aspects, including the expression of programmed cell death protein 1 (PD-1), C-X-C chemokine receptor type 5 (CXCR5), B cell lymphoma 6 (Bcl6), Slam-associated protein (SAP), and inducible costimulator (ICOS) (Chung et al., 2011 , Linterman et al., 2011 , Wollenberg et al., 2011 . However, Tfr cells do not express the B cell helper molecules IL-21, IL-4, and CD40L, but instead express Treg signature molecules such as GITR, CTLA-4, and Foxp3 (Chung et al., 2011 , Linterman et al., 2011 , Wollenberg et al., 2011 , Sage et al., 2014 , Wing et al., 2014 . Gene expression analysis shows that Tfr cells have a distinct transcriptional profile that is more similar to Treg cells than to Tfh cells, or other T helper cell subsets (Linterman et al., 2011 , Wing et al., 2017 . Further, Tfr cells have suppressive function, and are therefore considered a subset of Treg cells that are thought regulate the GC response (Linterman et al., 2011 , Wing et al., 2017 , Stebegg et al., 2018 .
Given the central role of the GC response in generating highly effective humoral immune responses and immunological memory, it is of considerable biological interest to understand how Tfr cells function within this response (Vanderleyden et al., 2014) . Despite the fact that the field has grown exponentially in recent years, relatively little is known about the exact role of Tfr cells within the GC and the mechanism/s through which they exert their suppressive function. While initial studies agreed that Tfr cells can limit the size of the GC response, they lacked a system to genetically remove Tfr cells whilst leaving other Tfh and Treg cells intact (Chung et al., 2011 , Linterman et al., 2011 , Wollenberg et al., 2011 .
Therefore, we set out to develop a mouse model that specifically lacks Tfr cells, without affecting Tfh cells or other Treg cell subsets. A unique feature of Tfr cells is their location within the GC, which discriminates them from other Treg cell subsets, and this localisation was reported to be exclusively dependent on CXCR5-driven chemotaxis towards the GC (Chung et al., 2011 , Wollenberg et al., 2011 . In this regard, genetic removal of Cxcr5 in (Fontenot et al., 2005b , Rubtsov et al., 2010 , Bradford et al., 2017 . To our surprise, despite successful depletion of CXCR5 on Treg cells, Tfr cells are still present in the GC after immunisation. Loss of CXCR5 resulted in a reduced presence of Tfr cells within the GC, indicating that it is partially required for Treg cell localisation to the GC, but that is not absolutely necessary. Together, this demonstrates that CXCR5-independent mechanisms exist that allow for Treg cell localisation to the GC. mice, as has been previously described (Franckaert et al., 2015) . Indeed, a substantial population of B cells lacked CXCR5 ( Figure S1A-B (Rubtsov et al., 2010) .
Results
Cxcr5
To induce cre-recombinase activity in Treg cells, mice received a tamoxifen containing diet for 5 weeks resulting in deletion of CXCR5 on Treg cells after 3 weeks (Figure 2A ). (Figure 1 ), but is discordant with previous reports which showed that CXCR5-deficient Treg cells did not localise to the GC after adoptive transfer into T cell deficient hosts (Chung et al., 2011) . We observed that the intensity of Foxp3 expression on Treg cells within the GC is significantly lower compared with those outside of the GC, which may impair the detection of Tfr cells within the GC ( Figure 2I ). Collectively, these data demonstrate that the deletion of CXCR5 in Treg cells is not sufficient to impair their access to the GC, suggesting that additional mechanisms to guide these cells to the GC may exist. consistent with previous reports that show that CXCR5 is not essential for GC access by Foxp3 -CD4 + T cells (Moriyama et al., 2014) . Taken together, these data demonstrate that lack of CXCR5 is insufficient to impair Treg cell access to the GC, suggesting that redundant mechanisms are involved in Treg cell migration to the GC.
Discussion
Tfr cells are a specialised subset of Treg cells that access the GC, where they are thought to exert suppressive functions. The localisation of Tfr cells to the GC is thought to depend on CXCR5-dependent migration to the CXCL13-rich B cell follicle. Here, we have used three independent mouse models that lack CXCR5 expression on Foxp3 + cells, all of which show the presence of Tfr cells within the GC. These data suggest that CXCR5 is not the only mechanism by which Tfr cells can access the GC, and that redundant mechanisms facilitate the localisation of Foxp3 + cells to the B cell follicle.
These were unexpected results because adoptively transferred CXCR5-deficient Treg cells into T cell-deficient mice did not migrate to the GC after immunisation (Chung et al., 2011 , Wollenberg et al., 2011 . In this study, we used intact mouse models rather than cell isolation and subsequent transfer, and this approach has the advantage of requiring less experimental manipulation. The differences between experimental approaches may explain the different phenotype observed. Alternatively, we noted lower expression levels of Foxp3 in Tfr cells within the GC compared with Treg cells outside the GC, consistent with their CD25 lo phenotype making the detection of Tfr cells more difficult than T-zone Treg cells (Wing et al., 2017) . Nevertheless, the presence of CXCR5-deficient Tfr cells within the GC suggests that there are other ways by which Treg cells can access the B cell follicle.
For conventional CD4 + Foxp3 -T cells to migrate to the GC, the concurrent up-regulation of CXCR5 and down-regulation of CCR7 is required to enable migration away from the T cell zone that is rich in CCR7-ligands (Haynes et al., 2007) . The retention of Tfh cells within the GC is regulated by Sphingosine-1-Phosphate Receptor 2 (S1PR2), and lack of both S1PR2
and CXCR5 abrogates Tfh cell localisation to the GC (Moriyama et al., 2014) . S1PR2 is also highly up-regulated in Tfr cells (Moriyama et al., 2014 , Wing et al., 2017 
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Methods
Mice
The following mice were used in this study: Cxcr5 fl/fl (Bradford et al., 2017) , Foxp3 cre-yfp (Fontenot et al., 2005a) , Foxp3 EGFP-cre-ERT2 (Rubtsov et al., 2010) , Cd4 cre (Lee et al., 2001) , 
Immunofluorescence imaging
Preparation of frozen LN samples and immunofluorescence staining was performed as described previously (Vanderleyden and Linterman, 2017) . Images were acquired with a Zeiss 780 microscope using 20x and 40x objectives. Image analysis was performed using Volocity (PerkinElmer).
ELISA
For the NP-specific ELISA, Nunc Maxisorb 96-well plates (ThermoFisher Scientific) were coated with NP7-BSA (Biosearch Technologies) at 10µg/ml or NP20-BSA (Biosearch Technologies) at 2.5µg/ml, and incubated overnight at 4°C. To determine serum levels of IgG specific for dsDNA, Nunc Maxisorb 96-well plates were coated with 100µl poly-l-lysine H 2 0 14 at 20 µg/ml (Sigma, cat # P4832) overnight at 4°C. Serum samples were serially diluted, and Horseradish Peroxidase (HRP) conjugated goat anti-mouse IgG1 (Abcam), IgM (Abcam) or IgG (Abcam) were added. Plates were developed using the 3,3',5,5'-Tetramethylbenzidine (TMB) substrate set (Biolegend). Plates were read at 450nm using a PHERAstar FS plate reader (BMG Labtech).
Statistical analysis
Statistical tests were chosen in advance as part of the experimental design. Sample sizes were determined in advance based on the availability of age-matched experimental mice and controls. Unpaired comparisons were performed using the Mann-Whitney U test. All data points were analysed and outliers were not removed unless there were technical errors. Data are presented as the median with single data points. p< 0.05 was used as a threshold for statistical significance. 
